Polyacrylonitrile (PAN) was synthesized and grafted from silicon wafers by copper-mediated photoinduced atom transfer radical polymerization (ATRP) using α-bromophenyl acetic acid-based initiators. Aggregation-induced photonic emission (AIE) was observed in well-defined, low molecular weight (M n < 10k) bulk PAN as well as in thin (d < 15 nm), surface-grafted polymer brushes. † Electronic supplementary information (ESI) available. See
With the advent of reversible addition radical polymerization (RDRP), polymer brushes have become a powerful interface engineering platform to functionalize surfaces by grafting welldefined macromolecules of a variety of two-or three-dimensional substrates. [1] [2] [3] Among the countless applications of different types of surface-grafted polymers, photoluminescent brushes are particularly interesting as ultrathin emissive layers for organic electronics, light harvesting, photovoltaics or 'smart' surfaces. [4] [5] [6] [7] [8] [9] [10] [11] [12] However, to synthesize photoactive brushes by surface-initiated polymerizations, chromophores need to be introduced either as side groups, or as the polymer chain end group. This is usually realized by polymerizing chromophore-containing monomers, 2, 6, 12 or resorting to various post-polymerization modification procedures. [7] [8] [9] [10] [11] Interestingly, Zhou et al. have recently reported aggregationinduced emission (AIE) in commercial polyacrylonitrile (PAN). 13 AIE is an unusual behaviour observed in certain chromophores (AIE-gens), most notably tetraphenylethene derivatives. These molecules, unlike traditional chromophores, exhibit photoluminescence upon aggregation either in solution or in the solid state, due to the restriction of intramolecular rotational and vibrational motion. 14, 15 Polymers containing AIE-gens have recently emerged as a straightforward approach to introduce AIE properties in films, fibres, composites as well as more sophisticated polymer architectures. [16] [17] [18] Typically, atom transfer radical polymerization (ATRP) or reversible addition fragmentation transfer (RAFT) polymerization with AIE-gen-modified initiators [19] [20] [21] [22] or monomers 23, 24 are used to incorporate AIE-gens in the polymer chain.
However, PAN is a non-conjugated polymer, traditionally used as a precursor to acrylic fibres, carbon fibres and carbon nanomaterials, 25 and does not contain any typical AIE-gens. The AIE phenomenon observed in PAN-based systems was instead ascribed to clustering of the nitrile (cyano) groups and to overlapping of their π and lone pair electrons, resulting in rigidified conformations which in turn facilitated the emissive deactivation of the excited state. 13 Similar behaviour was also demonstrated in a few other non-conjugated polymers. [26] [27] [28] Herein, we report the synthesis of ultrathin (<15 nm), surface-grafted PAN brushes with solid-state AIE properties. To date, PAN was only grafted from nanostructured silica, [29] [30] [31] [32] [33] [34] and polymeric macroinitiators for molecular bottlebrushes, 35, 36 with no reports on grafting from planar surfaces. Difficulties in grafting PAN arise from the fact that in ATRP the activity of the alkyl halide initiator needs to be higher than that of the monomer, in order to ensure uniform growth of all chains. 37, 38 Acrylonitrile (AN) is the most active monomer in ATRP, and its activity is higher than that of α-bromoisobutyrate, an initiator of choice for surface-initiated ATRP (SI-ATRP). 2, 3 This precludes efficient synthesis of PAN brushes, unless the so-called halogen exchange technique is employed. 25 Indeed, halogen exchange enabled synthesis of PAN-grafted silica and bottlebrushes, but it requires large amounts of copper catalyst (i.e. normal ATRP conditions). [29] [30] [31] [32] [33] [34] [35] [36] In order to facilitate polymerization of AN under low-catalyst-concentration ATRP techniques, such as ARGET (activators regenerated by electron transfer), 39 ICAR (initiators for continuous activator regeneration) 40 or SARA (supplemental activator reducing agent), 41 more active initiators, namely 2-bromopropionitrile (BPN) or ethyl 2-bro-mophenyl acetate (EBPA) need to be employed. Recently, EBPA initiators were used in metal-free ATRP of AN, 42 as well as to improve the initiation efficiency in SI-ATRP of methyl methacrylate. 43 We aimed at grafting PAN brushes by copper-mediated photoinduced ATRP, which uses light (UV or visible) to regenerate Cu(II) to Cu(I). As in other activator regeneration ATRP techniques, this allows to drastically reduce catalyst concentrations. [44] [45] [46] [47] Furthermore, photoinduced RDRP techniques have recently gained widespread interest for the preparation of polymer brushes due to their simplicity, straightforward patterning, temporal control and partial oxygen tolerance. 6, [48] [49] [50] [51] [52] [53] Since PAN was not synthesized by photoinduced ATRP before, we first developed conditions for the controlled photopolymerization of AN in solution (Scheme 1). The reaction was initiated by α-bromophenyl acetic acid (BPAA) in the presence of 50-290 ppm (vs. monomer) of CuBr 2 /tris(2-pyridylmethyl)amine (TPMA, in 1 : 3 ratio) catalyst under UV irradiation (λ = 365 nm) in DMSO. Linear first order kinetics and linear increase of molecular weight (MW) with monomer conversion were observed, showing little dependence of the polymerization rate on the catalyst loading ( Fig. 1 and Table 1 , entries 1-3). Gel permeation chromatography (GPC) revealed symmetrical peaks and narrow MW distributions, with dispersities decreasing throughout the reaction to stay below 1.20 ( Fig. 1c and S1 †). Since GPC with a refractive index (RI) detector and poly(methyl methacrylate) (PMMA) calibration standards is known to significantly overestimate molecular weight values of PAN, 25, 39 M n was determined by 1 H NMR. Data such obtained revealed very good agreement with the theoretical values (Table 1 ). Furthermore, the chain-end functionality (CEF) of the PAN obtained was estimated by 1 H NMR to 98%, confirming excellent control over the polymerization (see Fig. S2 † for the details of M n and CEF calculations). PAN samples were investigated by fluorescence spectroscopy and microscopy. Blue emission with a maximum at 431 nm under UV excitation (λ ex = 348 nm) was observed in DMF upon increasing the concentration of PAN from 1.25 × 10 −3 M to 2 M ( Fig. S3 †) . Additionally, solid-state fluorescence in as-precipitated powders and drop-cast films was evident ( Fig. 1d ), reflecting the report by Zhou et al. on commercial PAN samples (with MW = 85k-150k). 13 Apparently, the proposed clustering of the nitrile groups occurs also in welldefined, low-molecular weight (MW < 10k) polymers. Thus, the AIE properties seem to be an intrinsic feature of essentially any PAN sample, regardless of its MW and/or dispersity. We note however, that given the reports showing AIE in polymers with single AIE-gens per chain, 19, 20, 22 elucidation of the minimal molecular weight of PAN at which clustering occurs would be of great interest.
Based on the above findings, we sought to explore if AIE could also occur in ultrathin, surface-grafted PAN films. In order to enable grafting of PAN by photoinduced ATRP, BPAmodified surfaces were prepared. Silicon wafers were first functionalized with 3-aminopropyltriethoxysilane (APTES) by chemical vapour deposition, followed by coupling of the amine groups with BPAA in the presence of EDC (N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride, Fig. 2a ). Successful functionalization was confirmed by the increase of the water contact angle from 60°to 73°( Fig. 2b  and c) .
As-prepared wafers were then used to graft PAN under similar conditions as described above for the bulk reactions. The reaction time was kept constant at 6 h, and the catalyst loading was set to 50, 200 or 400 ppm (vs. monomer) to modulate the rate of polymerization. After 6 h the wafers were analysed by FT-IR spectroscopy. The appearance of the CuN stretching band centred at 2244 cm −1 evidenced that PAN was formed (Fig. 2d ). As expected, its intensity increased with the concentration of the catalyst used, suggesting grafting of larger amounts of the polymer. Thicknesses of the films were determined by spectroscopic ellipsometry to be 4.2 nm, 9.4 nm and 14.5 nm for reactions conducted with 50, 200 and 400 ppm of the copper catalyst, respectively ( Table 1 , entries [4] [5] [6] . This points to a stronger dependence of the polymerization rate on the catalyst concentration as compared with the bulk reac- tions. We note that no free polymer was detected in solution by NMR and precipitation tests, confirming that the polymerization occurred exclusively on the initiator-modified silicon surface.
Atomic force microscopy (AFM) observations of the films revealed uniform coverage of the surface with distinct submicron spherical domains (Fig. 3a-c) . The root-mean-square surface roughness (R q ) measured by AFM increased from 2.2 nm to 4.8 nm with increasing film thickness, showing some discrepancy with the ellipsometric error (Table 1) . However, these values are likely slightly overestimated due to the presence of larger aggregates visible in the AFM images.
The observed morphology of PAN aggregates on the surface could be due to local differences in grafting density caused by non-uniform initiator (and thus polymer) coverage, or by low initiation efficiency (slow initiation). However, a possibility of a specific organization of the grafted PAN chains cannot be ruled out. In bulk, PAN chains adopt a hexagonal structure driven by the dipole moments of the nitrile groups, which repel each other within one chain and form dipolar bonds between the chains. 25, 41 These interactions make atactic PAN semi-crystalline and could influence the chain conformation within the densely grafted brushes. However, thorough examination of this morphology and its potential relationship with clustering of the CN groups is beyond the scope of the current communication.
Fluorescence microscopy of the grafted PAN (λ ex = 348 nm) showed familiar blue colour, resembling images observed in bulk polymer films and powders. The emission was clearly visible from a remarkably large area, particularly in the sample grafted with 400 ppm of the catalyst and despite the film thickness of only around 15 nm (Fig. 3f ) . Plausibly, the same mechanism as observed before in bulk PAN and other nonconjugated polymers, 13,26-28 seems to also occur in thin PAN films. Namely, electron-rich, heteroatomic groups (e.g. nitrile or carbonyl) undergo clustering, further enhanced by the rigidification of clustered molecular assemblies. Such clusters effectively behave as chromophores and are responsible for the observed high energy/low wavelength (i.e. blue) emission. The detailed molecular mechanism underlying this so-called nontraditional intrinsic luminescence (NTIL) is still elusive, as very recently reviewed by Tomalia et al. 54 
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In the case of surface-grafted polymers however, variations in grafting density could potentially lead to less aggregation and reduced emission. Even though a quantitative analysis of grafting densities was not possible due to the small thickness of the brushes, careful examination of the samples prepared with 50 ppm and 200 ppm of the catalyst seems to corroborate this notion. For the thinnest sample (d = 4.2 nm by ellipsometry, Fig. 3d ), only several isolated fluorescent spots could be seen on the surface. Further growth of the brushes (d = 9.4 nm, Fig. 3e ) lead to more uniform, interconnected emissive areas. Upon reaching d ≈ 15 nm, the emission became more pronounced due to the formation of larger fluorescent clusters (Fig. 3f ) . Thus, the AIE behaviour likely develops with the film thickness, which in case of polymer brushes depends on grafting density and molecular weight of the grafted chains. 2 This suggest that AIE is suppressed in loosely packed chains, in analogy to dilute solutions in which PAN is not fluorescent. 13 Eventually, MW and grafting density become sufficient for clustering of the nitrile groups to occur, resulting in strong and more uniform emission from a large area. Such a gradual appearance of AIE points out to slow initiation, as suggested by AFM. On the contrary, the mechanism of AIE in PAN is still not clear, especially its dependence on MW.
In a control experiment, no fluorescence was recorded from a silicon wafer directly after deposition of APTES (Fig. S4 †) . We believe this is the first observation of AIE in such thin films and polymer brushes in particular. Furthermore, we have very recently shown that a collapse of stimuli-responsive PMMA brushes end-functionalized with fluorescein chromophores lead to aggregation and quenching of fluorescence. 9 In a striking contrast, the PAN brushes presented here are inherently luminescent in thin solid films due to the AIE phenomenon. Notably, these films are entirely composed of a commercially available polymer without any modification with photoactive moieties.
Conclusions
In summary, we grafted PAN from planar surfaces by employing photoinduced ATRP with ppm loadings of Cu catalyst. Solid-state AIE behaviour in surface-grafted PAN brushes was observed, and occurred likely due to the recently reported clustering of the nitrile groups. Since aggregation is an inherent feature of densely grafted polymer brushes, this study can open a way for the preparation of different surface-grafted systems exhibiting AIE. Additionally, the initial observation of AIE in low molecular weight, well-defined PAN can be extended to other polymer architectures, such as block copolymers, stars or molecular brushes. Intrinsic solid state fluorescence of such nanostructures can find application in optoelectronics, sensors, or smart surfaces. However, surface-initiated polymerization of acrylonitrile requires further optimization in order to prepare well-defined PAN brushes in a broad range of thickness and grafting density values. This will allow to separately analyse the effect of molecular weight and grafting density on the AIE properties in polymer brushes. Such studies are currently underway.
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